We perform first-principles calculations of the structural, electronic, vibrational and magnetic properties of the C48N12 azafullerene and C60. Full geometrical optimization shows that C48N12 is characterized by several distinguishing features: only one nitrogen atom per pentagon, two nitrogen atoms preferentially sitting in one hexagon, S6 symmetry, 6 unique nitrogen-carbon and 9 unique carbon-carbon bond lengths. The Mulliken charge analysis indicates that the doped nitrogen atoms in C48N12 exist as electron acceptors and three-fourths of the carbon atoms as electron donors. Electronic structure calculations of C48N12 show that the highest occupied molecular orbital (HOMO) is a doubly degenerate level of ag symmetry and the lowest unoccupied molecular orbital (LUMO) is a nondegenerate level of au symmetry. The calculated binding energy per atom and HOMO-LUMO energy gap of C48N12 are about 1 eV smaller than those of C60. For both C48N12 and C60, the total energies calculated with STO-3G, 3-21G and 6-31G basis sets differ from the 6-31G* basis set results by about 1.5%, 0.6% and 0.05%, respectively. Because of electron correlations, the HOMO-LUMO gap decreases about 5 eV and the binding energy per atom increases about 2 eV. Our vibrational frequency analysis predicts that C48N12 has in total 116 vibrational modes: 58 modes are infraredactive (29 doubly-degenerate and 29 non-degenerate modes) and 58 modes are Raman-active (29 doubly-degenerate unpolarized and 29 non-degenerate polarized). It is found that C48N12 exhibits eight 13 C and two 15 N NMR (nuclear magnetic resonance) spectral signals. In comparison to isolated carbon or nitrogen atoms, an enhancement in the dipole polarizability is found due to the delocalized π electrons in C48N12 and C60. The average second-order hyperpolarizability of C48N12 is about 55% larger than that of C60. In addition, the effects of basis sets are discussed in detail, and the different methods for calculating nuclear magnetic shielding tensors are compared. Our detailed study of C60 reveals the importance of electron correlations and the choice of basis sets in the first-principles calculations. Our best-calculated results for C60 with the B3LYP hybrid density functional theory are in excellent agreement with experiment and demonstrate the desired efficiency and accuracy needed for obtaining quantitative information on the structural, electronic and vibrational properties of these molecules. Our results suggest that C48N12 has potential applications as semiconductor components, nonlinear optical materials, and possible building blocks for molecular electronics and photonic devices.
I. INTRODUCTION
Graphite is a stable and abundant solid form of pure carbon [1] . In this form, three valence electrons of each carbon atom form three strong sp 2 trigonal bonds to three nearest neighbors with an equal distance of 0.142 nm, while the fourth valence electron from different carbon atoms interacts by weak π bonds perpendicular to successive sheets with an inter-plane distance of 0.34 nm [2] . Diamond is another slightly less stable and less abundant crystallographic form of pure carbon [1] , where each carbon atom is covalently bonded to four neighbors via sp 3 hybridization at the apexes of a regular tetrahedron. In 1985, a fascinating molecule, named C 60 (a truncated icosahedron with 20 hexagonal and 12 pentagonal faces, and 60 vertices, each of which is at the intersection of two hexagonal and one pentagonal faces) was discovered by Kroto et al. [3] , and a new form of pure carbon, named fullerenes [4] , was born.
Fullerenes can crystallize in a variety of threedimensional structures [5, 6] , being made from an even number of three-coordinated sp 2 carbon atoms that arrange themselves into 12 pentagonal faces and any number (> 1) of hexagonal faces [4] . The macroscopic syn-thesis of soot [5] , which contains C 60 and other fullerenes in large compounds, plus the straightforward purification techniques of the soot which make the pure fullerene materials available, have led to extensive studies of fullerenes [7] [8] [9] [10] 12] . Doped fullerenes have also attracted a great deal of interest due to their remarkable structural, electronic, optical and magnetic properties [7] [8] [9] [10] 12] . For example, the doped fullerenes can exhibit large third-order optical nonlinearities [9, 10] and be ideal candidates as photonic devices including all-optical switching, data processing, and eye and sensor protection [9, 10] . Another example is alkali-doped C 60 crystals, which can become superconducting [13, 14] , for example, at a critical temperature T c = 30 K [13] . In addition to the endohedral doping (inside fullerenes) and exohedral doping (outside fullerenes), there is another type of doping, named substitutional doping, where one or more carbon atoms of fullerene are substituted by other atoms [7] [8] [9] [10] [11] [12] , due to the unique structural and electronic properties of fullerenes. Because boron and nitrogen bracket carbon in the periodic table, much attention has been paid to alternate boron-and/or nitrogen-doped compounds [7] [8] [9] [10] [11] [12] . Over the past 10 years, boron and nitrogen atoms have been successfully used to replace carbon atoms of C 60 and synthesize many kinds of heterofullerenes, C 60−m−n N m B n [7] [8] [9] [10] 12, [15] [16] [17] [18] . In 1995, a very efficient method of synthesizing C 59 N was reported [16] . This method has led to a number of detailed studies of the physical and chemical properties of C 59 N [ [8] [9] [10] 12, 17] . Very recently, C 60 with more than one nitrogen atom replacing carbon atoms in the cage has been synthesized by Hultman et al. [18] , and the existence of a novel C 48 N 12 aza-fullerene [18] [19] [20] was reported. Hence, it would be interesting and useful to investigate and predict the structural, electronic, vibrational and magnetic properties of this aza-fullerene by performing detailed first-principles calculations. This forms main purpose of the present paper.
Fullerenes have been challenging molecules for firstprinciples calculations because of their size [21, 22] . Recent advances in ab initio methods and parallel computing have brought a substantial improvement in capabilities for predicting the properties of large molecules. The coupled cluster method has been used to predict phenomena in C 20 [24] . Other first-principles methods, which are less demanding in terms of computation cost than the coupled cluster method, have been used for much larger fullerenes and carbon nanotubes. For example, C 60 [25] [26] [27] [28] [29] [30] has been studied with self-consistent field (SCF) and Moller-Plesset second-order (MP2) theory, C 240 [31] and carbon nanotubes [32] with density functional theory (DFT) [33, 34] , and C 540 [35] with the Hartree-Fock (HF) method.
C 60 has the highest symmetry I h in the point group, two types of carbon-carbon (CC) bonds (one single bond C-C shared by adjacent five-and six-membered carbon rings and one double bond C=C by adjacent sixmembered carbon rings), and two kinds of bond angles (one angle between two adjacent C-C bonds, and another one between a C=C bond and a adjacent C-C bond) [7] . In section II, we perform full geometry optimizations of C 48 N 12 as well as C 60 with both DFT and restricted HF (RHF) methods. It is found that the C 48 N 12 aza-fullerene has several distinguishing features: only one nitrogen atom per pentagon, two nitrogen atoms preferentially sitting in one hexagon, S 6 symmetry, six unique nitrogen-carbon (NC) and nine unique CC bonds. The Mulliken charge analysis shows that the doped nitrogen atoms in C 48 N 12 exist as electron acceptors and threefourths of the carbon atoms as electron donors. Our best CC bond lengths and radius of C 60 calculated with B3LYP/6-31G* are in excellent agreement with experiment.
Total energy calculations of the optimized C 48 N 12 and C 60 are discussed in section III. It is found that the highest occupied molecular orbital (HOMO) is a doubly degenerate level with a g symmetry and the lowest unoccupied molecular orbital (LUMO) is a nondegenerate level with a u symmetry. The calculated HOMO-LUMO energy gap of C 48 N 12 is about 1 eV smaller than that of C 60 . For both molecules, the total energies calculated with STO-3G, 3-21G and 6-31G basis sets differ from the 6-31G* results by about 1.5%, 0.6% and 0.05%, respectively, and the HOMO-LUMO gaps decrease about 5 eV due to electron correlations. For C 60 , our calculated results are in agreement with other groups' calculations, and our best HOMO-LUMO energy gap calculated with B3LYP/6-31G* is in agreement with experiment.
When an external electric field is applied to a molecule, its charges are redistributed and dipoles are induced or reoriented [36] . The relation between the dipole moment P and the applied field G can be written as [9] 
where G is the electric field, P 0 is the permanent dipole moment, α is the dipole polarizability, β is the first-order hyperpolarizability, and γ is the second-order hyperpolarizability. The static dipole polarizability (SDP) measures the ability of the valence electrons to find a configuration which screens a static external field [9] . It has been shown that molecules with many delocalized valence electrons should display large SDPs [9, 37] . The first-and secondorder hyperpolarizabilities play a key role in the description of nonlinear optical phenomena since a time-varying polarization can act as the source of new components of the electromagnetic field [36] . In section IV, we calculate the SDPs and first-and second-order hyperpolarizabilities of C 48 N 12 and C 60 . In comparison to isolated carbon or nitrogen atoms, we find an enhancement in the SDP due to the delocalized π electrons in C 48 N 12 and C 60 . The calculated SDP for C 60 is in agreement with experiment. The average second-order hyperpolarizability of C 48 N 12 is about 55% larger than that of C 60 . When a material is doped, its mechanical, electronic, magnetic and optical properties change [7, [9] [10] [11] . The ability to control such induced changes is vital to progress in material science. Raman and infrared (IR) spectroscopic techniques [38, 39] are useful experimental tools to investigate how doping modifies the structural and dynamical properties of the pristine material and to understand the physical origin of such induced changes. Over the past 10 years, both techniques have been used widely to study the vibrational properties of C 60 [40] [41] [42] [43] [44] [45] , its derivative compounds [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] , and (doped) carbon nanotubes [58] [59] [60] [61] [62] [63] [64] . It has been shown that C 60 has in total 46 vibrational modes including 4 IR-active [40] [41] [42] [43] and 10 Raman-active vibrational modes [44, 45] . These studies have offered a good guide to the phonon spectrum in the solid state of these materials. In section V, we perform a vibrational analysis and calculate the infrared (IR) intensities of C 48 N 12 . Fifty eight IR-active (i.e., 29 doubly-degenerate and 29 non-degenerate modes) and 58 Raman-active (i.e., 29 doubly-degenerate unpolarized and 29 non-degenerate polarized) frequencies are determined. The best vibrational frequencies and IR results for C 60 calculated with B3LYP are in excellent agreement with experiment and demonstrate the desirable efficiency and accuracy of this theory for obtaining quantitative information on the vibrational properties of these materials. Comparison with other groups' calculations of C 60 is made and discussed.
High resolution NMR [65] [66] [67] gives spectra which can be analyzed to yield parameters such as the nuclear magnetic shielding σ [68] and the nuclear spin-spin coupling J [69] , which characterize molecular systems and structures. Both σ and J are determined by the electronic environments of the nuclei involved. A satisfactory theoretical description of the distribution of electrons in a molecule can lead to reliable predictions of σ and J, which have a number of applications, such as the identification of the conformation or structure of the species present in a given sample. In section VI the GIAO (gauge-including atomic orbital) [70] and the CSGT (continuous set of gauge transformations) [71] methods are utilized for calculating the nuclear magnetic shielding tensor σ in C 48 N 12 and C 60 at both the HF and DFT levels of theory. Eight 13 C and two 15 N NMR spectral signals are predicted for C 48 N 12 . Our best calculated NMR results for C 60 are in excellent agreement with experiment.
Finally, we end in section VII by giving a summary and outlook on the potential applications of C 48 N 12 .
II. OPTIMIZED GEOMETRIC STRUCTURE
The geometries of both C 48 N 12 and C 60 were fully optimized by using the Gaussian 98 program [72, 73] , where we have employed both RHF and DFT methods. Also we discuss the effects of basis sets by considering STO-3G, 3-21G, 6-31G and 6-31G* [74] [75] [76] [77] [78] [79] . For the DFT method, we use the B3LYP hybrid functional [80] . C (11) C (36) C (28) C (27) C (40) C (15) C (59) C (25) C (49) C (48) C (24) C (58) C (8) C (20) C (44) N (50) N (26) N (60) C (47) C (57) C (23) C (7) C (19) C (43) N (45) N (21) N (9) C (46) C (56) C (22) C (6) C (18) C (42) C (41) C (17) C (10) C (4) C (34) C (54) C (53) C (33) C (3) N (5) N (35) N (55) C (51) C (32) C (52) C (1) C (2) C ( In Fig.1 , we present the geometry of C 48 N 12 . The ab initio calculations show that C 48 N 12 has only one nitrogen atom per pentagon and two nitrogen atoms preferentially sit in one hexagon. The symmetry of C 48 N 12 is the S 6 point group [19, 20] . The optimized distances (or radii) R i from the ith atom to the density center of the molecule are listed in Table I . We find that there are 10 unique radii for C 48 N 12 , which suggest that C 48 N 12 is an ellipsoidal structure and has 10 unique sites (2 for N sites and 8 for C sites), while C 60 has an equal radius for each carbon atom. As shown in section VI, the 10 unique sites of C 48 N 12 can be identified by NMR experiments. Comparing the B3LYP results with the RHF results shows that the radii are increased by up to 2% due to the electron correlation. Comparing the 6-31G and 6-31G*'s results shows that adding polarization functions decreases the radius of carbon sites but increases the radius of nitrogen sites. In comparison with the results of STO-3G and the split valence basis sets, we find that increasing the basis size would lead to a decreased radius. For C 60 , the radius for each carbon site calculated by using B3LYP and the 6-31G* basis set is 3.5502Å, which is in excellent agreement with experiment (R = 3.55Å) [86] , the LDA (local density approximation) calculation (R = 3.537Å) with a pseudopotential approach (PPA) [87] , and the LDA-based Car-Parrrinello molecular dynamics (CPMD) simulation (R = 3.55Å ) [88] . The success of the B3LYP calculation of the C 60 radius demonstrates the importance of electron correlation for an accurate description of a molecular geometrical structure.
The calculated net Mulliken charges Q i of carbon and nitrogen atoms in C 48 N 12 are also listed in Table I . There are two unique types of nitrogen atoms in the structure. The net Mulliken charges Q i /q (q = 1.6 × 10 −19 ) on both types of N are negative, for example, −0.5953 C and −0.6002 C with B3LYP/6-31G*, -0.7803 C and -0.7829 C with RHF/6-31G*. The net Mulliken charges of the carbon atoms in C 48 N 12 separate into two groups: 1/4 of carbon atoms with negative Q i and the remaining 3/4 with positive Q i . Although the Mulliken charge analysis cannot estimate the atomic charges quantitatively, their signs can be estimated [89] . From these results, we find that the doped nitrogen atoms and one-fourth of the carbon atoms exist as electron acceptors, and threefourths of the carbon atoms as electron donors. It should be mentioned that we also performed calculations of net Mulliken charges of carbon and boron atoms in C 48 B 12 [90] . We found that the doped boron atoms exist as electron donors and all carbon atoms as electron acceptors [90] . Therefore, C 48 N 12 and C 48 B 12 have opposite electronic polarizations, while C 60 is isotropic. In the case of doping into silicon, the V family in the periodic table (for example, phosphorous) exists as a donor, while the III family (for example, boron) exists as an electron acceptor. Thus, the B-or N-substituted doping in C 60 differs greatly from that for silicon. This is due to the unique structural and electronic properties of C 60 [7] . With respect to the electron correlation and the choice of basis sets, we find that the absolute value of the net Mulliken charge Q i for each atom in C 48 N 12 increases with an increase of the basis size, but decreases due to the electron correlation or by adding polarization functions to a given basis set. The optimized CC and NC bond lengths in C 48 N 12 are listed in Table II . We find that there are 6 unique NC and 9 unique CC bonds. In comparison with the calculated CC bond lengths for C 60 shown in Table II , the CC bond length in C 48 N 12 , in general, is less than the single C-C bond length of C 60 due to the redistribution of the electron density. It is also found that the bond length increases due to the electron correlation, but decreases as we increase the basis size or include the polarization function.
In comparison with experimental data available for C 60 listed in Table III , we find that the two kinds of bond lengths of C 60 calculated by using the B3LYP with a large basis set 6-31G* are in good agreement with the results measured by X-ray powder diffraction (XRPD) [91] , NMR [92, 93] , gas-phase electron diffraction (GPED) [94] or X-ray crystallography technique (XRCT) [86] .
For comparison, Table III also lists the calculated CC bond lengths for C 60 with a selection of previous theoretical calculations. Given the low computational cost of Hückel theory, the bond lengths [95] predicted by this theory are remarkably satisfactory. The semiempirical QCFF/PI (quantum-chemical-force-fields for π electrons) [96] does not predict as good bond lengths as the Hückel theory since it has been parameterized mainly with respect to frequencies of conjugated hydrocarbons. The CC bond lengths calculated by using the semiempirical MNDO (modified neglect of differential overlap) [97] and the extended Hubbard model (EHM) [98] are a little improved. These theoretical approaches empirically include the effect of electron correlation found in conjugated π-systems. The HF [25] [26] [27] 30] and SCFMO (self-consistent field with MO) [29] calculations are in agreement with our RHF results. As listed in Table III, the calculated MP2 bond distances [28] usually decrease by about 0.01Å when more d functions are added to the basis set, demonstrating the necessity of including polarization functions in calculations with correlation. Based on the differences between the HF and MP2 data, it is evident that electron correlation effects should be considered in an accurate description of the equilibrium structure of a molecule. The CC bond lengths calculated with the LDA [99] [100] [101] , LDA-PPA [87] , and LDAbased CPMD simulation [88, 102] are in agreement with our B3LYP's results and demonstrate the importance of electron correlation effects in giving accurately the equilibrium structure of a molecule. [94] As mentioned before, C 60 has only two kinds of bond angles [7] , 108 o (the angle between two adjacent single C-C bonds) and 120 o (the angle between a double C=C bond and an adjacent single C-C bond). Fig.2(a-d) show the distribution of (C-C-C, C-N-C, C-C-N) bond angles in C 48 N 12 calculated by using both RHF and B3LYP methods with several different basis sets. Onethird and two-thirds of the bond angles in C 48 
III. TOTAL ELECTRONIC ENERGY
We performed total energy calculations of C 48 N 12 and C 60 by using both RHF and B3LYP with STO-3G, 3-21G, 6-31G and 6-31G* basis sets. The results are summarized in Table IV . The orbital energies are shown in Fig.3 , where the orbital symmetries are also labeled. Table IV demonstrates the convergence of the total energy calculations of both RHF and B3LYP methods with respect to the basis sets. For both C 48 N 12 and C 60 , the total energies calculated with STO-3G, 3-21G and 6-31G basis sets differ from the 6-31G* basis set results by about 1.5%, 0.6% and 0.05%, respectively. For both molecules, comparing the B3LYP and RHF results shows that the HOMO-LUMO energy gap ∆ decreases about 5 eV and the binding energy E b per atom increases about 2 eV because of the electron correlations. The calculated binding energy E b per atom and HOMO-LUMO energy gap ∆ of C 48 N 12 are about 1 eV smaller than those of C 60 .
Because of the valency of the doped nitrogen atoms, the electronic properties of C 48 N 12 and C 60 are significantly different. As shown in Fig.3 (a) and Fig.3(b) , the HOMO for C 60 is fivefold-degenerate with h u symmetry, the LUMO is threefold-degenerate with t 1u symmetry, and the others are threefold-degenerate with t 1g or t 2u symmetry, fourfold-degenerate with g g or g u symmetry, and fivefold-degenerate with h g symmetry. We notice from Fig.3 that each energy level in C 48 N 12 splits since the icosahedral symmetry of C 60 is lost by the substitutional doping. For C 48 N 12 , the HOMO is a doubly degenerate level of a g symmetry, the LUMO is a nondegenerate level with a u symmetry, and the others are specified in Fig.3 . Considering that C 48 N 12 is isoelectronic with C −12 60 , we find that the filling of the energy levels in C 48 N 12 corresponds to a complete filling of the t 1u and t 1g levels of C 60 . In Table IV , we list the calculated ionization potential (IP) E IP and electron affinity (EA) E EA for both C 60 and C 48 N 12 . It shows that C 48 N 12 is a good electron donor, while C 60 is a good electron acceptor. The calculated IP for C 60 is in good agreement with the experiments: (7.54 ± 0.01) eV [103] , (7.57 ± 0.01) eV [104] , (7.58 +0.04 −0.02 eV [105] , and (7.59 ± 0.02) eV [106] . The calculated EA for C 60 agrees well with the experiments: (2.666 ± 0.001) eV [107] , (2.689 ± 0.008) eV [108] . For comparison, here we list the total energies of C 60 for a selection of previous theoretical calculations. Using the HF methods, Scuseria [27] found that the total energies of C 60 calculated with DZ, DZP and TZP basis sets [25] [26] [27] 30] are -61745.723 eV, -61826.192 eV and -61832.443 eV, respectively. These results are in agreement with our RHF calculations. Moreover, using the MP2 method, Scuseria and colleagues [28] have shown that the total energies of C 60 with DZ, DZP and TZP basis sets are -61893.398 eV, -61826.192 eV and -61832.443 eV, respectively. The total energies calculated by using the MP2 method do improve the approximation made in HF method. This result demonstrates that electron correlation effects cannot be neglected for an accurate prediction of the total energy of a molecule.
In crystals, the on-site Coulomb interaction between two electrons on the same molecule is given by [109] 
where E p = zαe 2 /(2L 4 ) (z: the number of nearest neighbors, L: the distance between molecules, α: the dipole polarizability) is the polarization energy and U f ree is the on-site Coulomb interaction between two electrons on the free molecule [7] . Our plane-wave pseudopotential calculations performed by using the CASTEP program [73, 110] show that the optimized lattice constants for C 60 and C 48 N 12 -based fcc solids (note: z = 12 for both cases) are all around 1.45 nm, while the experimental lattice constant = 1.4161 nm for C 60 [111] . Based on our first principles results for E IP , E EA and ∆ for C 60 and C 48 N 12 molecules, we arrive at the value of the onsite Coulomb interaction, U = 1.84, 2.05 eV for C 60 and C 48 N 12 solids, respectively. The experimental values for C 60 are U = 1.6 ± 0.2 eV [109] and 1.54 eV [112] . Moreover, our DFT/GGA calculations show that the band gap E gap for the C 48 N 12 solid is about 0.85 eV smaller than that of C 60 . This is consistent with the ∆-U-W relation [7] 
where W is the bandwidth for the HOMO-or LUMOderived energy bands. Assuming the same W for both C 48 N 12 and C 60 solids, we arrive at
The DFT is known to underestimate the band gap of solids. From experiment, E gap = 2.3 ± 0.1 eV [109] and 2.86 eV [112] for the C 60 solid. Hence, using the approximate relation given by Eq. (5), we obtain an estimated band gap for the C 48 N 12 fcc solid of E C48N12 gap = 1.7 ± 0.3 eV. Thus, the C 48 N 12 solid, like C 60 , is a semiconducting material.
Similarly, we find that the C 48 B 12 -based fcc solid (lattice constant ≈ 1.45 nm) is also a semiconducting material [90] , having U = 1.9 eV, E 
IV. STATIC (HYPER)POLARIZABILITY
The static polarizabilities for C 48 N 12 and C 60 are presented in Table V . The B3LYP and RHF results are obtained by using the Gaussian 98 program package [72, 73] and the LDA results by using the ADF (Amsterdam Density Functional) program [73, 113, 114] . The ADF program uses basis sets of Slater functions, where a triple zeta valence basis plus polarization is augmented with the field-induced polarization (FIP) functions of Zeiss et al. [115] . Here this basis set is denoted as TZP++ ([6s4p2d1f] for C and N atoms, and [4s2p1d] for H atom) and has recently been used for calculating the secondorder hyperpolarizabilities, γ, for C 60 , C 58 N 2 , C 58 B 2 and C 58 BN [116] .
From the results listed in Table V , we see that the basis set dependence is identical for both B3LYP and RHF cases. As expected, improving the basis set increases the polarizability. Our RHF results for C 60 are in good agreement with a previous study [117] which used a similar method and basis sets. The B3LYP values are about 10% larger than the corresponding RHF values. The LDA results are much larger than both the B3LYP and RHF results. This is expected since the basis set is larger and expected to predict a more accurate polarizability [116] . Also LDA, in general, predicts a larger polarizability than does with B3LYP [118] . The LDA results for C 60 are in good agreement with previous LDA studies [119] [120] [121] . We find that the polarizability of C 48 N 12 is slightly smaller than the polarizability of C 60 . For C 48 N 12 we also find that the zz component is slightly larger than the xx component except when using RHF and a small basis set. In comparison with the SDP of a single carbon or nitrogen atom, we find an enhanced linear polarizability for both C 60 and C 48 N 12 . This is expected since both molecules have many conjugate π electrons delocalized over the entire system. Because C 60 is well separated in a crystal [7] , one can model the fullerene crystal in an electric field as a collection of isolated dipoles. For such systems, the ClausiusMossotti relation [122] is expected to yield a reasonably accurate relationship between the linear polarizability of an isolated molecule and the dielectric constant of a fullerene crystal, i.e.,
where ρ f is the density of fullerene molecules in a fcc crystal and ǫ is the dielectric constant of the fullerene crystal. For the purposes of comparison, we note that Hebard et al. [123] and Ecklund [124] is given by Quong and Pederson [125] ).Very recently, using the molecular beam deflection technique, Antoine et al. [126] have measured the electric polarizability of isolated C 60 molecules and obtained a value of (76.5±8.0)× 10 −30 m 3 . Using a new optical technique that uses light forces and a time-of-flight spectrometer, Ballard et al. [127] have made absolute measurements of cluster polarizabilities and determined the optical polarizability of C 60 at the fundamental wavelength of a Nd:YAG laser ( λ = 1064 nm) to be (79 ± 4) × 10 −30 m 3 . The experimental results are in good agreement with our LDA results, especially considering that LDA is expected to overestimate the polarizability.
The static first-order hyperpolarizability β [36] of the C 48 N 12 molecule is also calculated and found to be zero, the same as that for C 60 molecule. This is expected since both C 48 N 12 and C 60 molecule display inversion symmetries. Consequently, this aza-fullerene cannot produce second-order nonlinear optical interactions.
The static 2nd-order hyperpolarizabilities for C 48 N 12 and C 60 molecules are presented in Table VI . For the calculations of the 2nd-order hyperpolarizability, γ, we use time-dependent (TD) DFT as described in Ref. [116, 120, 128, 129] . First, the 1st-order hyperpolarizability, β, is calculated analytically in the presence of a small electric field. Then, the 2nd-order hyperpolarizability can be obtained by a finite-field differentiation of the analytically calculated 1st-order hyperpolarizability. For all the TD-DFT calculations we used the RE-SPONSE code [73, 128, 130] implemented in the ADF program [73, 113, 114] . The small difference between γ xxzz and γ zzxx for C 48 N 12 is due to the numerical method adopted for calculating γ.
For the γ value of C 60 , we find good agreement with previous first-principles results [120, 121, 131] . A comparison with experiments will not be made for the 2nd-order hyperpolarizability due to large differences in the experimental results [9, 10, 120, 131] . We find that all components of the 2nd-order hyperpolarizability for C 48 N 12 are larger than for C 60 . This gives an average 2nd-order hyperpolarizability of C 48 N 12 which is about 55 % larger than the average 2nd-order hyperpolarizability of C 60 . The zzzz components of the 2nd-order hyperpolarizaility of C 48 N 12 is also larger than that found in the donor/acceptor substituted C 58 BN molecule [116] .
V. VIBRATIONAL FREQUENCY ANALYSIS

A. Theory
To lowest order, IR intensities are proportional to the derivatives of the dipole moment with respect to the vibrational normal modes of the material, evaluated at the equilibrium geometry. In detail, the IR intensity of the qth vibrational mode is given by [132] 
where ρ p is the particle density, Ξ q is the normal coordinate cooresponding to the qth mode and c is the velocity of light. Since |dP/dΞ q | is the only molecular property entering the formula, it is often referred to as absolute IR intensity. To obtain the IR data, one must compute the derivatives of the dipole moment with respect to the normal mode coordinates. These can be viewed as directional derivatives in the space of 3N nuclear coordinates and expressed in terms of derivatives with respect to atomic coordinates, R k . For the ith component of the dipole moment P (i=x,y,z), we have
where ξ kq = ∂R k /∂Ξ q is the kth atomic displacement of the qth normal mode. Then, the necessary derivatives can be expressed in terms of the atomic forces as follows [132, 133] 
where E is the total energy, G i is the ith component of an assumed external electric field G, and F k is the calculated force on the kth atomic coordinate.
B. Normal Vibrations in C60 and C48N12
Using the Gaussian 98 program [72, 73] , we calculated the harmonic vibrational frequencies of both C 60 and C 48 N 12 and considered the effects of the basis sets. It should be mentioned that our frequencies have not been scaled. Table VII and VIII summarize the vibrational frequencies for C 60 calculated by using RHF and B3LYP methods, respectively. As shown by Dresselhaus et al. [134] , there are 46 vibrational modes for C 60 . These modes are classified in even and odd parities and in ten irreducible representatives of the I h point group: the {a g , a u }, {t 1g , t 1u , t 2g , t 2u }, {g g , g u } and {h g , h u } modes are non-, threefold-, fourfold-and fivefold-degenerate, respectively. Tables VII and VIII demonstrate that increasing the basis size improves the accuracy of the predicted vibrational frequencies, but adding polarization functions to the 6-31G basis set only improves slightly the accuracy of the vibrational frequencies. In choosing a basis set for the first-principles calculation, one must make a compromise between accuracy and CPU time. Our results shows that the minimum calculation can be done in about 4 hours of CPU, while the most expensive calculation requires 12 days of CPU. Without significant computational cost, one can do B3LYP/STO-3G calculation and still obtain results more accurate than any RHF calculations. Going beyond STO-3G for B3LYP calculations requires a drastic increase in CPU time. Suprisingly, going just to 3-21G provides the most accurate results, while for the bigger basis set 6-31G, the results are worse and adding a polarized function to 6-31G only slightly improves the results. The 3-21G basis set gives systematically lower frequencies than the 6-31G basis set, while the frequencies obtained from the 6-31G* basis set typically lie between the results of the other two basis sets. In contrast, as discussed in section II, 6-31G* does provide the most accurate bond lengths. This suggests that the better accuracy of 3-21G is foirtuitous. Increasing the basis set to 6-31G stiffens the bonds, while adding the polarization function compensates by softening the bonds. In comparison with the B3LYP results, RHF calculated frequencies are too high due to an incorrect description of bond dissociation, while B3LYP with large basis sets (even the minimum basis set STO-3G) generally gives results in good agreement with the experiments of Wang et al. [42] and Dong et al. [47] . This demonstrates the importance of electron correlation in an accurate description of the vibrational frequencies.
For comparison, Table VII lists the vibrational frequencies of C 60 calculated by using various theories, for example, the semi-empirical MNDO [97] and QCFF/PI [96] methods. Of these, the QCFF/PI method, which has been parameterized mainly with respect to vibrational frequencies of conjugated and aromatic hydrocarbons [135] , results in the best results although it gives less satisfactory geometry. Such accurate prediction implies that the electronic structures of C 60 is not much different from other aromatic hydrocarbons [96] . Häser et al. [28] showed that the approximate harmonic frequencies for the two a g vibrational modes of C 60 are 1615 cm In addition, there have been a number of 2nd nearestneighbor force-constant models (FCMs) [136] [137] [138] which have been used to calculate the phonon frequencies of C 60 . None of them yield good agreement with the experimental data. For example, an empirical force field, which has been parameterized with respect to polycyclic aromatic hydrocarbons, is used with Hückel theory and predicts vibrational frequencies of the two a g modes of 1409 cm −1 and 388 cm −1 [137] that are too low. However, the modified FCM (MFCM) by Jishi et al. [139] considered interactions up to the third-nearest neighbors, and the calculated results, as shown in Table VII , are in excellent agreement with the experiments of Wang et al. [42] and Dong et al. [47] .
Table VIII also lists the vibrational frequencies of C 60 calculated by other DFT methods, for example, LDA-PPA [87] , LDA [100, 101] and DFT-LDA-based CPMD simulations [102] . In general, those calculated results are in good agreement with experiment. Very recently, Choi et al. [141] have performed B3LYP vibrational calculations of C 60 with a 3-21G basis set but involving scaling of the internal force constants (SIFC)K int ij by using Pulay's method [142] , i.e.,
whereK int ij is the force constant in internal coordinates ( the Gaussian 98 program [72] uses this form), and s i and s j are scaling factors for the ith and jth redundant internal coordinates, respectively. They optimized the scaling factors by minimizing the root-mean-square deviations between the experimental and calculated scaled frequencies. Their results are listed in Table IX . Overall, their scaling procedure improves the accuracy for the 46 vibrational frequencies of C 60 , especially, for the a g , h g and t 1u vibrational modes.
In Table X and XI, we list the vibrational frequencies for C 48 N 12 calculated with RHF and B3LYP methods and a variety of Pople-style basis sets. In contrast with C 60 , it is found that there are in total 116 vibrational modes for C 48 N 12 because of its lowered symmetry, S 6 . These vibrational modes are classified into 58 doublydegenerate and 58 nondegenerate modes. Among those vibrational modes, there are 58 IR-active (listed in Table X) and 58 Raman-active modes (listed in Table XI) . Table X and XI show that the electron correlation or increasing the basis size results in a redshift of the vibrational frequencies. This is similar to that of C 60 .
C. IR Intensities in C48N12 and C60
We perform calculations of IR intensities I IR for both C 48 N 12 and C 60 by using the Gaussian 98 program [72, 73] with RHF and B3LYP methods. The calculated IR intensities for C 60 at the corresponding frequencies are listed in Table XII , and those for C 48 N 12 are shown in Fig.4 .
For C 60 , we note that its IR spectrum is very simple. Namely, it is composed of 4 IR-active vibrational modes with t 1u symmetry. This is a consequence of the symmetry of the icosahedral group [134] . Carbon clusters of comparable size, but lower symmetry, have many more IR-active frequencies. For example, the graphitene isomer of C 60 has D 6h symmetry and 20 IR-active frequencies [97] . Other examples [97] included C 54 , a planar graphite fragment with D 6h symmetry and 22 IR-active frequencies, and C 50 , a spheroidal cluster with D 5h symmetry and 22 IR-active frequencies. From Table XII , we see that the IR intensity of a given mode decreases due to the electron correlation and converges with increasing basis size. We find that our intensities calculated with B3LYP agree reasonably with experimental spectrum [140] obtained by in situ high-resolution FTIR measurement of a C 60 film.
The IR intensities I IR at the corresponding vibrational frequencies for C 48 N 12 are presented in Fig.4(a)(b) (c) for calculations with B3LYP/STO-3G, B3LYP/3-21G and RHF/3-21G, respectively. As discussed above, C 48 N 12 has 29 nondegenerate and 29 doubly-degenerate IRactive vibrational modes. Similar to the case of C 60 , the IR signals separate into two regions, i.e., a high-frequency ( > 1000 cm −1 ) and a low-frequency ( ≤ 1000 cm −1 ) region. The IR-active frequencies are redshifted by including the electron correlation or increasing the basis size. The IR intensities decrease after including electron correlations and converge with increasing basis size. The strongest IR spectral lines in both low-and highfrequency regions are the doubly-degenerate modes located, for example, at 440 cm −1 and 1310 cm −1 , respectively, for the B3LYP/3-21G case. Since experimental IR spectroscopic data do not directly indicate the specific type of nuclear motion producing each IR peak, we do not give here the normal mode information for each vibrational frequency and the displacements of each nuclei corresponding to each normal mode. In Fig.5 , taking B3LYP/3-21G calculations as an example, we only show the vibrational displacements of sites 1 to 5 (4 C sites and 1 N site) for the strongest IR spectral signals in the lowand high-frequency regions. It is seen that the pentagon structure for the low-frequency case expands slightly and [141] using B3LYP/3-21G but involving scaling of the internal force constant by using Pulay's method. Numbers in the parenthesis are the relative errors of the calculated frequencies to the experimental frequencies listed in Table VII 
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VI. NUCLEAR MAGNETIC SHIELDING TENSORS A. Theoretical Methods
There are a number of theoretical methods for calculating the second-order magnetic response properties of molecules. It has been shown that gauge-invariant procedures (GIPs) [71, 143] are required to predict accurately these properties within a finite basis approximation. In this paper, we focus on using two GIPs, i.e., the gaugeincluding atomic orbital (GIAO) procedure and the continuous set of gauge transformations (CSGT) procedure, to predict NMR shielding tensors at the Hartree-Fock and DFT levels of theory. GIAO and CSGT achieve gauge-invariance in different ways. The GIAO method uses basis functions having explicit field dependence [70] , whereas the CSGT method achieves the gauge-invariance by performing a continuous set of gauge transformations. Ditchfield [144] first adopted the GIAO method to perform quantum chemical NMR shift calculations and the CSGT method was developed by Keith and Bader [71] . In the following, we briefly introduce the two methods. More details can be found, for example, in the works of Cheeseman et al. [145] and Wolinski et al. [146] .
It is known that the nuclear magnetic shielding tensor can be written as the mixed second derivative of the energy E with respect to the external magnetic field B and the magnetic moment I of nucleus X:
where B k and I i are the components of the external magnetic field and induced magnetic moment, respectively. The nuclear magnetic shielding isotropy σ is defined as [65] 
and the shielding anisotropy ∆σ, an indication of the quality of the magnetic shielding tensor, is defined as [65] 
where σ 1 < σ 2 < σ 3 are the eigenvalues of the symmetrized shielding tensor. The nuclear magnetic shielding difference, or say, chemical shift δ, is reported in ppm (i.e., parts per million) and given by [65] 
where σ (ref erence) and σ (sample) denote the shielding isotropies σ for the reference and sample, respectively.
In both DFT and HF theory, the expression for the nuclear magnetic shielding tensor of nucleus X is given by [145] 
with
where c is the velocity of light, O is the density matrix, Φ µ and Φ ν are spin orbitals, R X is the position vector of nuclear X, and r is the real space vector. In the above equation, ∂O/∂B k is the derivative of the density matrix O with respect to the kth component of the magnetic field B and is obtained via solution of the coupledperturbed equations [145] for the appropriate perturbation. As gauge-invariance is achieved in different ways, the GIAO and CSGT methods differ at this point in the formation of the coupled-perturbed equations [145] . 
GIAO Method
The GIAO method uses the following explicit fielddependent basis functions for calculating the magnetic shielding tensor:
where r µ is the position vector of basis function Φ µ and Φ µ (0) denotes the usual field-independent basis functions. In this method, three sets of the coupled-perturbed equations [145] are solved, one for each direction of the magnetic field.
CSGT Method
In the CSGT method, the gauge-invariance is achieved from accurate calculations of the induced first-order electronic current density J (1) (r) by performing a gauge transformation for each point in space. The nuclear magnetic shielding tensor is expressed in terms of J (1) (r), i.e., where B is the magnitude of magnetic field. Since the basis functions do not depend on the magnetic field, only six sets of the coupled-perturbed equations [145] are left and solved (three for the components of the angular momentum perturbation using any single gauge origin, and three for the linear momentum perturbation resulting from any single shift in gauge origin). Furthermore, the shielding tensors are obtained via Becke's multi-center numerical integration scheme [147] B. Results
The above mentioned GIAO and CSGT methods have been implemented into the Gaussian 98 program [73, 72] and all calculations in this section are performed using this program.
Here we perform RHF and B3LYP hybrid DFT calculations of the nuclear magnetic shielding tensor of carbon and nitrogen atoms in C 48 N 12 , C 60 , and tetramethylsilane (TMS [148] ) by using GIAO and CSGT methods with STO-3G, 3-21G, 6-31G and 6-31G* basis sets. Calculation performed with a specific basis set and ab initio method use geometry optimized with the same basis set and ab initio method (see section II). Detailed results are summarized in Table XIII and XIV. Since no present functional includes a magnetic field dependence, the DFT methods do not provide systematically better shielding results than RHF [72] . Nevertheless, we also list the DFT results in Table XIII and XIV for comparison. The isotropic NMR chemical shifts δ relative to that of TMS are also shown in Table XIII and XIV. It is seen that the NMR shielding tensors for C 48 N 12 are separated into eight groups for carbon atom and two groups for nitrogen atoms, i.e., eight 13 C and two 15 N NMR spectral signals are predicted. In contrast, C 60 has only one 13 C NMR signal which is in agreement with experiment [149] . The experimental values of the absolute shielding constant σ for 15 N in NH 3 and 13 C in TMS, as shown in Table XIII and XIV, are 264.5 ppm [150, 151] and 188.1 ppm [148] , and our best calculated results for those reference materials are in good agreement with the experiments. Table XIII and XIV also demonstrate the convergence of the GIAO and CSGT methods with respect to basis set for absolute shielding constants calculated with RHF and B3LYP hybrid DFT methods. For each first principles method, the shielding constants calculated with GIAO and CSGT methods are found to converge to almost the same values for the large basis set 6-31G*. NMR chemical shifts, as opposed to the absolute shielding constants σ, are measured with high accuracy in applications of NMR spectroscopy. On the other hand, calculated chemical shifts are in better agreement with experiment as relative differences are better represented [145] . Hence, given the absolute shielding constants for 13 C and 15 N in reference materials, i.e., TMS and NH 3 shown in Table XIII and XIV, we are able to calculate the chemical shifts δ and compare them with the experiments. For C 60 , we find that the NMR chemical shifts δ calculated with the CSGT method at the RHF/6-31G and RHF/6-31G* levels are in agreement with experiment (δ exp = 142.7 ppm measured by Taylor et al. [149] ). This suggests that CSGT method would predict NMR spectral signals much better than GIAO. However, CSGT costs more CPU times than GIAO on the same machine, for example, about 5 hours more for RHF/6-31G* and 2 hours for B3LYP/6-31G* in the CSGT method.
To predict accurate NMR chemical shifts for large molecules, it is necessary to assess the accuracy of the available ab initio methods by employing lower levels of theory and by using basis sets as small as possible [145] . The results in Table XIII and XIV indicate that the RHF method yields better chemical shifts than the B3LYP hybrid DFT method, especially, for GIAO method and the minimum basis set STO-3G. As shown in Table XIII , the 13 C chemical shift in C 60 differs from experiment by 23.5 ppm at the B3LYP level, while it differs by only 6 ppm at the RHF level of theory. Also it is noted that RHF makes positive and negative errors, while B3LYP makes only positive errors.
In addition, nuclear magnetic shielding anisotropies ∆σ are reported in Table XIII and XIV. Although these properties usually cannot be determined experimentally in the gas phase (except in cases where the high symmetry of the molecule together with the calculated diamagnetic contribution to the shielding tensor allows the determination of the anisotropy from the spin rotation [152] ), these values are of interest. Anisotropies can be determined in solid state NMR experiments and calculations are often important for a correct assignment. From Table XIII and XIV, we find that the shielding anisotropies ∆σ for 15 N in NH 3 calculated with GIAO method with both ab initio theories are in good agreement with experiment, while those calculated with CSGT agree poorly with experiment.
VII. SUMMARY AND OUTLOOK
In summary, we have performed ab initio calculations of the structures, electronic properties, vibrational frequencies, IR intensities, NMR shielding tensors, linear polarizabilities, first-and second-order hyperpolarizabilities of the C 48 N 12 aza-fullerene. Calculated results of C 48 N 12 are compared with those of C 60 at the same level of theory. It is found that this aza-fullerene has some remarkable features, which are different from and can compete with C 60 . The detailed studies of C 60 show the importance of electron correlations and the choice of basis sets in the ab initio calculations. Our best results for C 60 obtained with the B3LYP hybrid DFT method are in excellent agreement with experiment and demonstrate the needed efficiency and accuracy of this method for obtaining quantitative information on the structural, electronic and vibrational properties of these materials.
Laser sources are widely used in the laboratory and industry. However, they are a potential hazard for eyes, thermal cameras and other optical sensors [10, 11, 153] . Development of optical limiters which can suppress undesired radiation and effectively decrease transmittance at high intensity or fluence is necessary. An ideal optical limiter [10, 153] should have reasonable linear transmittance at low input fluence (at least of 70%), protecting optical sensors or eyes against laser pulses of any wavelength and pulse duration, and its output energy must remain below the optical damage threshold of sensors or eyes at high fluences. C 60 and fullerene derivatives are good candidates for optical limiting applications [10, 154, 155] . In this paper, we found that the average second-order hyperpolarizability of C 48 N 12 is about 55% larger than that of C 60 . Hence, it is expected that C 48 N 12 is also a good candidate for optical limiting applications.
Non-linear optical (NLO) materials have vast technological applications in telecommunications, optical data storage and optical information processing. The search for materials with such properties is the subject of intense research [9, 10, 156] . Organic molecules, which have high NLO response, could be designed by linking appropriate electron-donor and acceptor groups with a spacer made of one or several units of conjugated molecules such as a polyene or an aromatic chain [156] . Based on such donoracceptor model, we can link donor C 48 N 12 and acceptor C 60 with a polyene or an aromatic chain and design one kind of organic molecules. In such organic molecules, charge would migrate from C 48 N 12 to C 60 upon electronic excitation, giving rise to a large dipole moment along the direction connecting the donor/acceptor pair. Thus, large NLO response is expected in these donor/acceptorbased molecules.
Carbon nanotubes are promising materials for building electronic devices, in particular, field effect transistors (FETs) [11, 157] . However, single-walled carbon nanotube (SWNT) FETs built from as-grown tubes are unipolar p-type, i.e., there is no electron current flow even at large positive gate biases. This behavior suggests the presence of a Schottky barrier at the metal-nanotube contact. Obviously, the capability to produce n-type transistors is important technologically, as it allows the fabrication of nanotube-based complementary logic devices and circuits [158, 159] . Very recently, Bockrath et al. [160] have reported a controlled chemical doping of individual semiconducting SWNT ropes by reversibly intercalating and deintercalating potassium. Potassium doping could change the carriers in the ropes from holes to electrons [160] . Their experiments open the way toward other experiments that require controlled doping such as making nanoscale p-n junctions. As shown in this paper, C 48 N 12 is a good electron donor. We found that incorporating C 48 N 12 into a (10,10) semiconducting SWNT [7] would result in -0.26 e charge [90] on the nanotube forming a n-type SWNT-based transistor.
To obtain molecular rectification, the LUMO of the acceptor should lie at or slightly above the Fermi level of the electrode and above the HOMO of the donor [161] . Hence it is important to search for desired donor/acceptor pairs which satisfy those conditions. The acceptor/donor pair, C 48 B 12 /C 48 N 12 , actually is demonstrated to be an ideal candidate for molecular electronics [90] . For example, we have shown that a rectifier formed by C 48 B 12 /C 48 N 12 pair shows a perfect rectification behavior [90] .
As shown before, C 
